The 27-residue membrane-spanning domain (MSD) of the HIV-1 glycoprotein gp41 bears conserved sequence elements crucial to the biological function of the virus, in particular a conserved GXXXG motif and a midspan arginine. However, structure-based explanations for the roles of these and other MSD features remain unclear. Using molecular dynamics and metadynamics calculations of an all-atom, explicit solvent, and membrane-anchored model, we study the conformational variability of the HIV-1 gp41 MSD. We find that the MSD peptide assumes a stable tilted a-helical conformation in the membrane. However, when the side chain of the midspan Arg 694 ''snorkels'' to the outer leaflet of the viral membrane, the MSD assumes a metastable conformation where the highly-conserved N-terminal core (between Lys 681 and Arg 694 and containing the GXXXG motif) unfolds. In contrast, when the Arg 694 side chain snorkels to the inner leaflet, the MSD peptide assumes a metastable conformation consistent with experimental observations where the peptide kinks at Phe 697 to facilitate Arg 694 snorkeling. Both of these models suggest specific ways that gp41 may destabilize viral membrane, priming the virus for fusion with a target cell.
INTRODUCTION
Human immunodeficiency virus (HIV) entry into the target cells is mediated by trimeric complexes or spikes, comprised of glycoprotein heterodimers. Each heterodimer is a noncovalently linked complex of receptor-targeting gp120 and membrane-anchoring gp41. Beginning at its N-terminus, gp41 is comprised of a glycine-rich fusion peptide, the so-called N-and C-terminal heptad repeats (NHR and CHR, respectively), a membrane-proximal external region, a membrane-spanning domain (MSD), and a long cytoplasmic tail that extends into the endoplasmic side of the viral lipid bilayer envelope. When spike-associated gp120 binds to its target CD4 receptor, it undergoes conformational changes that:
1. Decrypt a binding site for CCR5/CXCR4 receptors.
Initiate a cascade of conformational changes in gp41
(1-7).
These changes are thought to include insertion of previously spike-sequestered fusion peptides into the target cell membrane and eventual refolding of the NHR/CHRs to form a so-called six-helix bundle which pulls the viral and cell membranes together in preparation for fusion (8) .
Although this pull-model of membrane fusion is theoretically appealing, it does not address the experimentally observed behavior of certain gp41 mutants, especially those that strengthen the interaction of gp41's MSD with the viral membrane while compromising infectivity (9) . We speculate that a major functional role of gp41 is to destabilize the viral membrane as a necessary part of the fusion mechanism.
The MSD is a highly conserved region of gp41, spanning 27 residues from Lys 681 to Arg 707 and contains a midspan charged residue Arg 694 (9) , a common feature of lentiviral MSDs (Fig. 1) (10, 11) . For the entire MSD to span the viral membrane, Arg 694 localizes to the hydrophobic core, which is energetically unfavorable compared to being solvated by water. However, residues such as arginine, when required by sequence to be inside a lipid membrane, snorkel; i.e., the charged end groups of the side chains localize to the hydrophilic headgroups of one membrane leaflet (12) . The MSD also contains a GXXXG motif between residues 688 and 692. Although GXXXG motifs are thought to be involved in interhelical interactions (13, 14) , the loss of these residues does not affect the trimerization of the Env monomers required during transport from the endoplasmic reticulum to the Golgi apparatus (9) . However, loss of Arg 694 , the GXXXG motif, or the charged residues Lys 681 and Arg 705 affect membrane fusion and viral infectivity (9, 11, (15) (16) (17) .
The purpose of this study is to understand the structure and orientation of MSD in membrane and water environments and the effects of MSD conformation on the viral membrane structure to provide clues toward an explanation of the functional roles of conserved MSD features. Recent simulation studies suggested that the MSD assumes an a-helical conformation in a lipid membrane (18) . However, classical molecular dynamics simulation is likely insufficient for sampling all relevant protein conformations due to computational limitations. We therefore used metadynamics to accelerate conformational sampling of MSD, and we predict conformations in both membrane-spanning and water-solvated states lowest in free energy. In particular, we demonstrate the effects of snorkel direction of the Arg 694 side chain on water penetration to the membrane core and local membrane thinning.
METHODS

General
All simulations were performed using NAMD 2.7b1 with the CHARMM force field and explicit TIP3P water (19) (20) (21) . VMD 1.8.7 was used for visualization and preparation of the simulation systems (22) . All production runs were performed in the NVT ensemble unless explicitly specified using a Langevin thermostat at a temperature of 310 K, with a coupling constant of 5 ps À1 .
Gp41 MSD model
HIV-1 gp41 MSD (681-KLFIMIVGGLVGLRIVFAVLSIVNRVR-707) is a 27-amino-acid peptide thought to span the bilayer as an a-helix based on sequence (9, 15, 18) . We modeled gp41 MSD from a 27-amino-acid helical subdomain of the HIV-1 Vpu protein. The side-chain atoms of the Vpu subdomain were deleted and replaced with those of the HIV-1 gp41 MSD. The obtained MSD structure was then solvated with 14,647 water molecules, neutralized, and brought to an ionic strength of 0.1 M by adding Na þ and Cl À ions and was volume-equilibrated for 100 ps in the NPT ensemble. This system was then equilibrated for a total of 20 ns in the NVT ensemble.
Gp41-membrane model
We used steered molecular dynamics (SMD) to insert water-equilibrated a-helical MSD into solvated lipid bilayers comprised of 50 mol% dipalmitoylphosphatidylcholine (DPPC)/cholesterol (23) (24) (25) . Two MSD-membrane simulation systems were prepared (Fig. S1 , A and B, in the Supporting Material):
1. MSD inserted with Arg 694 snorkeling toward the exoplasmic headgroups. 2. MSD inserted with Arg 694 snorkeling toward the endoplasmic headgroups.
The exoplasmic (N-terminal) and endoplasmic (C-terminal) sides of the membrane are only based on the orientation of the MSD peptide in the bilayer and the lipid and solution composition of the leaflets are similar. The CHARMM-GUI membrane builder was used to generate initial bilayer structures containing 512 lipid molecules (26) . An initial MSDmembrane system was prepared by placing MSD 35 Å above the lipid bilayer and the system was fully solvated by adding explicit TIP3P water molecules. The simulation box measured 105 Å Â 98 Å Â 127 Å and contained a total of 141,642 atoms with 512 lipid molecules, 29,561 water molecules for complete solvation of the bilayer and MSD, and 280 Na þ and Cl À ions. The system was then equilibrated in the NPT ensemble for 6 ns. After equilibration, the MSD peptide was inserted into the lipid bilayer using constant velocity SMD. To obtain the exoplasmic Arg 694 snorkeling model, we used the center-of-mass of Arg 707 as the SMD atom and steered the peptide in the membrane from the exoplasmic side of the bilayer with Arg 694 interacting with the water molecules and lipid headgroups toward the exoplasmic leaflet. Similarly, to obtain the endoplasmic Arg 694 snorkeling model we used the center-of-mass of Lys 681 as the SMD atom and inserted the peptide from the endoplasmic side of the bilayer. For both models, we used a steering velocity of 10 Å /ns and the lipid headgroups were restrained in the z direction to prevent bilayer distortion. Insertion of MSD into the membrane to obtain the exoplasmic snorkeling model resulted in slight unfolding of the helix near 696-698 and 704-707. Therefore, in the endoplasmic snorkeling model, the MSD secondary structure was restrained during insertion. However, both the models showed a good structural conservation after a 20-ns MD equilibration ( Fig. S1 C) .
After MSD insertion, the simulation system was cropped by removing the excess water required to solvate MSD before insertion. Moreover, the lipid bilayer was also cropped to reduce the system size while maintaining at least twice the theoretical length of MSD (40 Å ) in the lateral dimensions. The simulation boxes measured 80 Å Â 84 Å Â 80 Å and 85 Å Â 81 Å Â 77 Å and the total number of atoms were 58,524 and 58,185 for the exoplasmic and endoplasmic snorkeling models, respectively. The final gp41-membrane models contained~320 lipid molecules and a 32:1 water/lipid ratio to ensure complete solvation. The systems were then neutralized and brought to an ionic strength of 0.1 M by adding Na þ and Cl À ions and were equilibrated in the NVT ensemble for at least 5 ns before the metadynamics calculations.
Metadynamics
In metadynamics, system forces in the MD simulation are augmented by those arising from a history-dependent potential, which induces uniform sampling (i.e., overcomes free energy barriers) along a specified collective variable (CV) (27) (28) (29) (30) (31) (32) . Following Laio and co-workers, we used the external potential
where x i is the value of the CV, x i (t 0 ) is the value of x i at time t 0 from the atomic coordinates, W is the Gaussian height, d x is the Gaussian width, and t 0 values are the number of MD steps between every Gaussian deposited. The metadynamics potential, when converged, also provides a good estimate of the free energy as a function of the CV. Metadynamics in various forms has recently been applied for efficient conformational sampling and developing free energy profiles in various protein systems (32) (33) (34) (35) (36) (37) . For this study, the root mean-squared displacement of the backbone (C, C a , N, O) atoms with respect to those in a perfect a-helix (RMSD a ) FIGURE 1 Free energy profiles of MSD in a lipid membrane with Arg 694 snorkeling toward exoplasmic headgroups sampled during 260-ns metadynamics (red) and Arg 694 snorkeling toward endoplasmic headgroups sampled during 140-ns metadynamics run (blue) and schematic illustration of MSD with basic charged residues in blue and polar residues in green. Hydrophobic residues are shown in silver and the Arg 694 side chain is shown in exoplasmic (red) and endoplasmic (blue) snorkeling positions.
Biophysical Journal 99(10) 3438-3444 gp41 Metadynamics was chosen as the CV. For all metadynamics simulations, we used W ¼ 0:15 kcal/mol, d x ¼ 0.01 Å , and deposited a new Gaussian every 1 ps. A low RMSD a on the free energy profile indicates a helical conformation, whereas kinks and unfolding of the peptide occur at relatively larger RMSD a . For the MSD-membrane models, the arithmetic average of the free energy profiles in two 10-ns intervals after a certain filling time (t f ) were compared to judge the convergence of metadynamics calculations ( Fig. S8 and Fig. S9 ). The filling time t f ¼ 240 ns for the exoplasmic model and t f ¼ 120 ns for the endoplasmic model, after which the calculation sampled the CV range diffusively. For the MSD solvated in water, convergence of the free energy profiles was tested by performing two 120-ns metadynamics runs with the MSD solvated in water starting from two different initial conformations (details are provided in the Supporting Material text). The free energy profiles between CV space of 0 and 10 Å were considered converged, and the RMSD a CV extensively sampled conformations within this region during both the MSD-membrane and MSD-water simulations. Metadynamics calculations at RMSD a higher than 10 Å resulted in unfolding of the MSD peptide and are not thoroughly sampled by the RMSD a CV with respect to a perfect a-helix, and therefore are not reported in this work.
RESULTS
Effects of Arg 694 snorkel direction on MSD conformational ensembles
A single 260-ns metadynamics simulation resulted in uniform exploration of CV-space between 0-13 Å RMSD a , when initiated from a helical conformation in which the Arg 694 side chain snorkels toward the exoplasmic headgroups. The averaged free energy profile for the last 10 ns computed using metadynamics is shown in Fig. 1 . Conformations with RMSD a between 1 and 2 Å display the lowest free energy. The RMSD a visited helical and nonhelical states several times through out the 260-ns metadynamics calculation (Fig. S2) .
The most stable conformation in this model is a complete a-helical conformation with Arg 694 side-chain snorkeling to interact with the water molecules and lipid headgroups toward the exoplasmic leaflet. In this conformation, the peptide tilts with respect to the membrane-normal to facilitate Arg 694 snorkeling while preventing water molecules from interacting with the hydrophobic residues between 681 and 692-thereby stabilizing the a-helix. However, the proximity of Arg 694 to the glycines in the GXXXG motif results in water molecules interacting with Gly 688 , Gly 689 , and Gly 692 . Thermal fluctuations result in opening and closing of the backbone hydrogen bonds in the a-helix, and water molecules competing for the hydrogen bonds destabilize the a-helical structure. Furthermore, the propensity of hydrophobic residues to localize in the membrane core results in peptide bending at Val 691 . However, water interactions with glycines result in the MSD eventually kinking at Gly 692 and also unfolding of the GXXXG motif, with the hydrophobic Leu 690 and Val 691 buried in the membrane core and Gly 688 , Gly 689 , and Gly 692 interacting with water. The free energy profile suggests metastable kinked conformations with RMSD a between 4 and 6 Å .
The metastable state has the Arg 694 side chain interacting with the exoplasmic headgroups and water molecules, with the MSD kinked at Gly 692 and unfolding of the GXXXG motif (Fig. 2) . The rest of the peptide between residues 694 and 702 retains an a-helical structure in this conformation. However, the C-terminal residues from 703 to 707 unfold to facilitate Arg 694 snorkeling and thereby also the loss of a helical turn at the C-terminus. In addition, peptide conformations with a complete helical structure (but kinked at Arg 694 ) were sampled at RMSD a of 4-8 Å .
Unfolding of the subdomain between residues 681 and 694 is the combined result of hydrophobic localization in the membrane core, Lys 681 snorkeling toward the exoplasmic lipid headgroups, and the presence of water molecules destabilizing the helical structure. However, these conformations had a relatively high RMSD a (8-10 Å ) and, as can be seen from the free energy profile, are relatively unstable. Finally, we note that the Arg 694 side chain remained in interaction with the exoplasmic headgroups throughout the calculation.
We conducted a second metadynamics calculation initiated from an a-helix with the Arg 694 side-chain snorkeling toward the endoplasmic headgroups. During this run, metadynamics sampled the CV space between 0 and 15 Å RMSD a again uniformly and the simulation was stopped at 140 ns when the peptide completely unfolded (Fig. 1) . The two predominant conformations in this model are 1. A completely helical conformation, with RMSD a <2 Å and the axis of the a-helix tilting with respect to the membrane-normal to facilitate snorkeling of the Arg 694 side chain. 2. A kinked helix, RMSD a 4-6 Å , with the kink at Phe 697 and residues 681-697 spanning the bilayer along with the snorkeling side chains of Lys 681 and Arg 694 (Fig. 2 ).
Of these, the tilted a-helical conformation between RMSD a 0 to 2 Å is the more stable structure. In this conformation, Arg 694 snorkels toward the endoplasmic headgroups and interacts with water molecules penetrating the lipid bilayer. Arg 705 positioned on the same side of the a-helix, near the C-terminus of the MSD, assists in a-helix tilting by interacting with water molecules and lipid headgroups at the membrane-water interface. Moreover, Arg 705 also interacts with water molecules penetrating the membrane core toward Arg 694 . Interaction of Arg 705 with both the molecules at the membrane-water interface and those water molecules in the membrane core that have a paddle motion was also observed in the 20-ns MD simulation. Therefore, in a completely a-helical conformation the presence of a charged residue with a relatively large side chain assists in snorkeling of Arg 694 by inducing helix tilt and also acting as a mediator for water molecule penetration into the membrane core. Furthermore, with two long side chains of Arg 694 and Arg 705 interacting with the water molecules in the membrane core, the backbone hydrogen bonds between the residues 694 and 705 were shielded from competition from water. A tilted, completely a-helical MSD conformation was also favorable to the two charged residues, Lys 681 and Arg 707 , on either terminus of the MSD. The long side chains of lysine and arginine are also predominantly hydrophobic except for the charged moieties at the end. We observed that in a tilted a-helix the N-terminus of the MSD was in the hydrophobic membrane environment while the tip of the side-chain snorkels and interacts with the lipid headgroups and water. Similarly, the tilt also pulled Arg 707 relatively further into the membrane core, where it could then snorkel and interact with molecules at the membrane-water interface.
The set of conformations that were extensively sampled with~4 Å RMSD a were very similar to the hypothesized snorkeling model proposed by Yue et al. (15) (Fig. 2) . In this set, the presence of water molecules near the C-terminal residues of the MSD, especially when Arg 705 interacts with molecules at the membrane-water interface, results in destabilization of the helix with loss of a hydrogen bond between Phe 697 and Ser 701 . This results in the MSD a-helix bending at Phe 697 , whereas the rest of the subdomain from 698 to 707 maintains an a-helical conformation. Additionally, the hydrogen bond between Arg 694 and Ala 698 was maintained even after helix bending. The partitioning of the charged groups toward the membrane-water interface and the hydrophobic groups toward the membrane core assists in maintaining the a-helical conformation by protecting vulnerable backbone hydrogen bonds from attack by water. Residues 681-697 spanned the bilayer in this model with the two long side chains of Lys 681 and Arg 694 snorkeling toward the exoplasmic and endoplasmic headgroups, respectively. These residues maintained a helical structure with the hydrophobic part of the Arg 694 side chain shielding the hydrogen bonds between residues 694 and 697 from water molecules in the membrane core. Although these conformations were sampled extensively by metadynamics, the final free energy profile suggests that these conformations are metastable.
As seen in the case of exoplasmic Arg 694 snorkeling, metadynamics sampled various unstable and short-lived conformations during endoplasmic Arg 694 snorkeling simulation. However, most of these conformations retained the a-helical structure between residues 681 and 697. The presence of lipid headgroups and water molecules at the membrane water interface resulted in destabilization of the helical subdomain between 698 and 707. Conformations with a completely unfolded C-terminal subdomain were also observed. During this run, we also observed a completely unfolded MSD peptide. In these conformations, the C-terminal charged residues and water molecules associated with these residues entered deep into the lipid bilayer core, resulting in the interaction with GXXXG motif and destabilization of the backbone hydrogen bonds.
Effects of MSD conformation on membrane thickness
In Fig. 3 A, we show a plot of membrane thickness within 20 Å of the MSD for both the models versus RMSD a . The average bilayer thickness of DPPC-cholesterol (50 mol%) was observed to be 45 Å (blue). Average membrane thickness for both the exoplasmic Arg 694 snorkeling model and endoplasmic Arg 694 snorkeling model was found to be similar except for RMSD a between 0 and 1 Å . However, membrane thickness for both the models was found to be consistently lower than the pure DPPC-cholesterol bilayer thickness. Exoplasmic snorkeling Arg 694 resulted in a localized membrane defect in the upper leaflet whereas endoplasmic snorkeling of Arg 694 results in a localized membrane defect in the lower leaflet due to water penetration and lipid headgroups interacting with Arg 694 . This condition is true for both the tilted completely a-helical conformations that places Arg 694 near the center of the bilayer and the metastable kinked conformations in which the membrane spanning subdomains are relatively short. The stable conformations of MSD in both the exoplasmic and endoplasmic snorkeling models in a lipid membrane are shown in Fig. 3 B. For conformations with higher RMSD a in both the models, unfolding of the peptide resulted in charged groups at the termini burying themselves in the hydrophobic core of the bilayer. These conformations resulted in significant water penetration into the membrane.
The gp41 MSD conformational ensemble in pure water
Because water seems to play an important role in the structure of MSD in a membrane, we tested the stability of the a-helical structure of gp41 MSD solvated in water using both molecular dynamics and metadynamics. The RMSD a evolution from a 20 ns MD is shown in Fig. S3 . These data suggest a stable conformation of the peptide between RMSD a 5 and 6 Å . However, after 5 ns the MSD assumes a conformation with a higher RMSD a between 7 and 9 Å . Similar behavior was observed after~18 ns of MD simulation for the final 2 ns. The a-helical structure was observed to be highly unstable and therefore the MSD immediately kinked within 1 ns at Val 691 during the MD run.
This kink is a result of water molecules interacting with the glycine residues and destabilizing the backbone hydrogen bonds while the peptide minimizes the exposure of hydrophobic surface area to water. However, the hydrogen bond between Arg 694 and Leu 690 was intact even after helix bending. Although the GXXXG motif unfolded to facilitate Gly interactions with water molecules, the rest of the MSD remained helical. The bulky arginine side chains and the phenylalanine side chain, along with the kink, minimize the protein backbone atom interactions with water molecules between residues 692 and 707. The two unstable high-RMSD a structures occur due to the occasional breaking of intrahelical hydrogen bonds between Leu 690 -Arg 694 and Arg 694 -Ala 698 . This results in a looplike conformation with RMSD a between 7 and 9 Å . However, a 20-ns MD run is probably insufficient to unfold a helical peptide and sample all relevant conformations. Therefore, two 120-ns metadynamics trajectories were started from different conformations of the peptide randomly selected from the initial MD run, one from an a-helical structure and another from the kinked structure. As with the membrane simulations, RMSD a was the CV.
The MSD peptide assumes a larger number of conformations during these simulations than for those in the membrane. The CV trace during the course of the simulation suggests a thorough sampling of CV space. The free energy profiles from the two runs and the average are presented in Fig. S6 . This free energy profile suggests a very stable conformation that has a single kink at the GXXXG motif between 4 and 6 Å RMSD a . The free energy profile also shows that the conformations between 8 and 10 Å RMSD a , although metastable, can be accessed only by overcoming a few kcal/mol free energy barrier. These results support the conformations observed during our initial MD run as in a stable kinked helix at the GXXXG motif and a metastable structure with a second kink at Phe 697 . Furthermore, the free energy profile also suggests a metastable a-helical structure in water. These results indicate that the residues C-terminal to Arg 694 can form a stable a-helical structure even in water and that the residues N-terminal to Arg 694 kink at the GXXXG motif as was observed during our membrane simulations with Arg 694 snorkeling toward the exoplasmic headgroups. However, it should be noted that with water as solvent and the polar residues accessible, most of the helical structure remained intact, despite the kink, without the degree of unfolding observed in the membrane.
DISCUSSION
In our model with Arg 694 snorkeling toward the exoplasmic headgroups, the free energy profile suggested a stable, completely a-helical conformation. To maintain the a-helical conformation, the MSD peptide tilts to facilitate Arg 694 snorkeling while preventing water molecules from interacting with the hydrophobic residues. A metastable conformation kinked at Gly 692 with an unfolded GXXXG motif was also observed with RMSD a between 4 and 6 Å . This is likely because an a-helical MSD with Arg 694 snorkeling toward the exoplasmic headgroups resulted in water molecules in the proximity of the glycines, which then can attack backbone hydrogen bonds involving glycines. This model requires that the MSD subdomain between residues 694 and 707 anchor the spike to the viral membrane in the metastable state. However, recent experimental results based on truncation mutants suggested that addition of just three residues C-terminal to residue 694, up to Phe 697 , is enough to stably anchor the Env glycoprotein in the membrane (15, 16) . Therefore, we believe that a MSD model with Arg 694 snorkeling toward the exoplasmic headgroups is improbable in the native spike, although it should not be discounted that these conformations could still play a role in disruption of the viral membrane.
The free energy profile for the model with Arg 694 snorkeling toward the endoplasmic headgroups also suggested that the completely a-helical conformation is the most stable conformation. The possibility of the a-helix to tilt and Lys 681 and Arg 694 to snorkel toward either leaflet's headgroups along with the observed shielding of the backbone hydrogen bonds likely resulted in this stable conformation. A similar phenomenon of shielding of backbone hydrogen bonds (thereby stabilizing the a-helical structure by the arginine side chain) was previously observed in alanine-rich peptides (38) . This conformation is consistent with results from truncation studies that show that addition of residues C-terminal to Arg 694 increase surface expression by better anchoring of the peptide with increasing number of residues in the a-helix (15) . Although this conformation explains the importance of the length of the subdomain between 694 and 707 for the incorporation of the spike and the role of Arg 705 in destabilization of viral membrane (and therefore its fusion), it was important as well that this simulation predicted the experimentally hypothesized snorkeling model of the MSD (15) to be metastable. We also observed that the MSD peptide from Lys 681 to Phe 697 is enough to span the lipid bilayer and anchor the MSD.
Both the Arg 694 snorkeling models showed a consistent thinning of the lipid membrane due to water penetration and lipid headgroups interacting with Arg 694 . Cryo-electron tomographic images of HIV-1 Env spike show an obvious decrease in membrane thickness in the lower leaflet of the bilayer (39), leading us to speculate that Arg 694 snorkels toward the endoplasmic headgroups in the native spike.
Based on these observations, we hypothesize that the MSD exists in the metastable kinked snorkeling model in the native spike. Conformational changes in the gp41 ectodomain during the formation of the prefusion intermediate perhaps result in the MSD assuming a tilted, completely a-helical conformation. A tilted a-helix, continuous from Lys 681 to Arg 707 , further assists the penetration of water into the membrane core to interact with Arg 694 . The GXXXG motif, although insignificant for the incorporation of the native spike (9) , is perhaps important to induce interhelical interactions and in maintaining gp41 MSD trimers during these conformational changes (13, 14) .
CONCLUSIONS
We sampled various conformations of the HIV-1 gp41 MSD in a cholesterol-rich lipid bilayer based on two starting models with:
1. Arg 694 snorkeling toward the exoplasmic headgroups. 2. Arg 694 snorkeling toward the endoplasmic headgroups, using all-atom metadynamics calculations.
Based on our observations and previous experimental results, we hypothesize that the MSD assumes a conformation with the midspan Arg 694 snorkeling toward the endoplasmic headgroups in the native spike. Furthermore, there are two conformations-a stable tilted a-helical conformation and a metastable kinked snorkeling conformation-that the MSD likely can shuttle between, during conformational changes of the gp41 ectodomain. It was also observed that the MSD residues from Lys 681 to Phe 697 are enough to span the bilayer and effectively anchor gp41, consistent with experimental observations. MSD with Arg 694 snorkeling toward endoplasmic headgroups also resulted in significant thinning of the membrane. Moreover, we also sampled conformations of MSD in water and reasoned that although the MSD assumes a stable kinked structure in water, it can shuttle among the stable conformation and several metastable conformations. 
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